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A thermally decoupled hidden sector of particles, with a mass gap, generically enters a phase of
cannibalism in the early Universe. The Standard Model sector becomes exponentially colder than
the hidden sector. We propose the Cannibal Dark Matter framework, where dark matter resides in a
cannibalizing sector with a relic density set by 2-to-2 annihilations. Observable signals of Cannibal
Dark Matter include a boosted rate for indirect detection, new relativistic degrees of freedom, and
warm dark matter.
Motivations.—The unknown particle origin of Dark
Matter (DM) is one of the most important problems in
particle physics. A compelling possibility is that DM is a
thermal relic with abundance determined by the decou-
pling of its annihilations in the early Universe.
Direct detection experiments, which search for DM
scattering against atomic nuclei, are making rapid
progress [1–3]. Over the next decade, direct detection
will explore most of the remaining parameter space where
DM scattering produces more events than background
neutrinos [4]. DM will be discovered, or else powerful
limits will motivate the exploration of scenarios where
DM interacts feebly with the Standard Model (SM).
If DM has sizable couplings to SM particles, then its
temperature in the early Universe tracks the photon tem-
perature. Alternatively, if the rate of DM interactions
with SM particles is slower than the Hubble expansion,
DM evolves with a different temperature than photons.
In the latter case, we can define a dark sector with tem-
perature Td 6= Tγ , which contains DM and any other
particles in kinetic equilibrium with DM.
The DM relic density depends crucially on the proper-
ties of the dark sector when DM annihilations decouple.
There are two classes of dark sectors, depending on the
mass of the Lightest Dark sector Particle (LDP), mLDP:
1. relativistic LDP: mLDP < Tf
2. non-relativistic dark sector: mLDP > Tf ,
where Tf is the dark sector temperature when DM anni-
hilations freeze-out. We note that the LDP may not be
the DM. Existing studies with hidden sector DM abun-
dance set by 2-to-2 annihilations assume the presence of
a relativistic LDP (see for example Refs. [5–12]).
In the second class of models, under the generic re-
quirement that number changing interactions are active,
the hidden sector undergoes a phase of cannibalism. As
we review below, the properties of cannibalism are de-
termined by the requirement that the dark sector and
SM separately preserve their comoving entropy densities.
This leads to different scalings of the temperature versus
the scale factor a,
Tγ ∝ 1/a and Td ∼ 1/ log a, (1)
where Tγ (Td) represents the temperature of the SM
(cannibalizing) sector. The hidden sector temperature
stays almost constant as the Universe expands as number
changing interactions efficiently convert the rest mass of
non-relativistic particles into kinetic energy [13]. The dif-
ferent dependence on the scale factor implies that the SM
particles are exponentially colder than the cannibalizing
sector, as a function of the hidden sector temperature.
Ref. [13] was the first to propose (and name) cannibal-
ism. In Ref. [13] and followup studies with cannibal-
ism [14–19], it is assumed that DM annihilates through a
3-to-2 (or 4-to-2) process. Refs. [20–22] consider models
where DM experiences 3-to-2 annihilation, but with DM
in thermal equilibrium with radiation such that canni-
balism does not occur.
Previous studies of cannibalism assume that the DM
relic density comes from number changing interactions,
such as 3-to-2 or 4-to-2 annihilations [14–19]. We stress
that cannibalism is a generic feature of any hidden sec-
tor with a mass gap, and is therefore of broader rele-
vance that models where the DM itself undergoes num-
ber changing annihilations. We initiate the study of a
new class of DM models, where DM resides in a canni-
balizing sector with relic density determined by 2-to-2
annihilations. We refer to this class of models as Can-
nibal Dark Matter. In general, cannibal dark matter is
realized in hidden sectors that contain both metastable
states, φ, undergoing number changing interactions such
as φφφ→ φφ, and a stable DM candidate, χ, annihilating
into the metastable states through 2-to-2 annihilations,
χχ→ φφ.
The exponential cooling of the SM, during cannibal-
ism, has dramatic implications for DM phenomenology.
DM must have a larger annihilation rate than conven-
tional scenarios, in order to reproduce the observed relic
density. Therefore, Cannibal DM predicts boosted rates
for indirect detection. The Universe is exponentially
older at DM freeze-out, implying less redshifting between
DM decoupling and the start of structure formation and
therefore the possibility of warm DM. Cannibal DM can
also lead to new relativistic degrees of freedom, leaving
imprints on the Cosmic Microwave Background (CMB).
The remainder of this letter is organized as follows. We
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FIG. 1. Temperature of the dark sector, Td, as a function
of the SM temperature, Tγ . For Td < mφ, the SM becomes
exponentially colder than the cannibalizing sector. After the
end of cannibalism, Td < T
end
c , the dark sector temperature
redshifts as a−2 due to adiabatic expansion.
begin by discussing the physics of cannibalism. Then we
include DM in the cannibalistic sector and compute its
relic density. We then overview the phenomenology of
our model, including indirect detection and cosmological
signatures.
Cannibalism.—Cannibalism requires the following con-
ditions:
1. The dark sector is kinetically decoupled from the
SM sector.
2. The dark sector has a mass gap.
3. The dark sector remains in chemical equilibrium,
through number changing interactions, at temper-
atures below the mass of the LDP.
As a simple example, we consider a dark sector with a
real scalar LDP and generic interactions,
Vφ =
m2φ
2
φ2 +
A
3!
φ3 +
λ
4!
φ4. (2)
Cannibalism begins when Td drops below mφ, and chem-
ical equilibrium is maintained through φφφ → φφ an-
nihilations. For reference we quote the thermally aver-
aged 3 → 2 cross section obtained from Eq. 2 assuming
A =
√
3λmφ: 〈σv2〉 ≈ 0.04λ3/m5φ.
In the following, we assume that φ is metastable and
eventually decays to either SM states or dark radiation.
In order for cannibalism to occur, φmust be out of kinetic
equilibrium with its decay products and therefore have
lifetime longer than Hubble, τφ > H
−1, when Td = mφ.
For decays to SM, we focus on φ → γγ. For the dark
radiation case, we assume that φ decays to a light species
that is kinetically decoupled from φ and begins with zero
abundance (for example φ → γ′γ′, where γ′ is a light
hidden photon).
Since the dark sector and the SM are kinetically de-
coupled, they have different temperatures and entropies.
Assuming for simplicity that there are no entropy in-
jections, the comoving entropies of the two sectors are
separately conserved. This implies that the ratio of SM
to dark entropy densities is fixed,
ξ ≡ sSM
sd
. (3)
If the two sectors were in thermal contact in the past,
ξ is the ratio of the sum of degrees of freedom within
each sector [7]. However, ξ can be much larger if the two
sectors reheat to asymmetric temperatures and remain
thermally decoupled.
During cannibalism, Td and sd are related,
sd ≡ 2pi
2
45
gd∗s T
3
d '
m3φ
(2pi)3/2
x
−1/2
φ e
−xφ , (4)
where xφ ≡ mφ/Td and we assume, for simplicity, that
φ dominates the hidden sector entropy. Conservation of
entropy within each sector implies that the SM becomes
exponentially colder than the dark sector (see Fig. 1),
Tγ
Td
≈ 0.5 ξ1/3g−1/3∗ x5/6φ e−xφ/3, (5)
where g∗ is the effective number of relativistic degrees of
freedom of the SM. Since Tγ ∼ 1/a, Eq. (5) leads to
Eq. (1). The energy density in the dark sector is approx-
imately dominated by the LDP and decreases as
ρd ∼ 1
a3 log a
, (6)
in striking contrast to the energy density of non-
relativistic matter in thermal equilibrium with a relativis-
tic plasma, which decreases as an exponential function of
the scale factor. The dark sector starts to drive the ex-
pansion of the Universe when its energy density become
equal to that of the SM, TEγ /T
E
d = 4/(3ξ), corresponding
to xEφ ≈ −2.8 + log(g−1∗ ξ4) + 2.5 log xEφ .
Cannibalism ends when the dark sector drops out of
chemical equilibrium. This can happen for one of two
reasons, (1) φφφ→ φφ annihilations decouple, or (2) the
Universe becomes older than the φ lifetime, and φ decays
away. The second possibility requires that Γφ ∼ H when
Td is between mφ and the temperature that 3-to-2 pro-
cesses decouple. This may seem to require a coincidence
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FIG. 2. Cannibal DM has three stages. (1) DM annihilations,
χχ → φφ, are in equilibrium and the LDP, φ, is relativistic.
(2) Cannibalism begins when φ becomes non-relatavistic, and
then DM annihilations freeze-out, at temperature Tf , during
cannibalism. (3) Cannibalism ends when φ decays away or
φφφ→ φφ annihilations decouple.
of scales between the φ lifetime and Hubble. However,
the scale factor (and therefore the age of the Universe)
changes by an exponentially large amount during can-
nibalism, as a function of the dark sector temperature.
Therefore, option (2) is generic and is realized for an ex-
ponentially large range of values for Γφ [23].
Freeze-out of Cannibal DM.—We now include DM in
the cannibalizing sector. We consider a simple example
where DM is a Majorana fermion, χ, that has a Yukawa
interaction with φ,
L ⊃ −Vφ −
(mχ
2
χ2 +
y
2
φχ2 + h.c.
)
. (7)
Vφ is defined in Eq. (2), mχ > mφ and y is a complex
number. The relic abundance of χ is determined by the
freeze-out of 2-to-2 annihilations, χχ → φφ. This cross
section is s-wave if either Im yA 6= 0 or Im y2 6= 0. With
purely imaginary y and mφ = 0 this cross section reads
〈σv〉 = A2|y|21024pim4χ . We assume that DM annihilations de-
couple during cannibalism [24]. Therefore, DM freeze-
out occurs after φ becomes non-relativistic, but before
φφφ → φφ annihilations decouple and before φ decays
(we leave the study of different orderings of these events
for future work [27]). The cosmological stages of our sce-
nario are depicted in Fig. 2.
Under the assumption that χφ → χφ and φφφ → φφ
are in equilibrium, the evolution of the number density
of χ is described by a single Boltzmann equation,
dYχ
d log x
= −κ(x)sd〈σv〉
H
(Y 2χ − Y eq 2χ ), (8)
where Yχ ≡ nχ/sd, x ≡ mχ/Td, and κ(x) ≡ (1 −
1/3 d log gd∗s/d log x). The χ relic density is given by
Ωχ/ΩDM = mχYχ/(0.4 eV ξ), where ΩDMh
2 ≈ 0.12 cor-
responds to the observed DM density [28]. A numerical
solution is shown in Fig. 3.
The Boltzmann equation can be solved analytically in
the sudden freeze-out approximation, neqχ (xf )〈σv〉 = H.
There are two regimes depending on whether the SM or
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FIG. 3. Relic density versus r ≡ mφ/mχ for mχ =
(1 MeV, 1 TeV) and 〈σv〉 = (1, 10, 100)σ0, where σ0 = 3 ×
10−26cm3s−1. The relic density grows exponentially with r,
as implied by Eqs. (5), (9), and (10).
φ dominate the energy density of the Universe when DM
annihilations decouple,
Ωχ
ΩDM
≈
0.3
xf
g
1/2
∗
σ0
〈σv〉
Td
Tγ
× 1D (ρSM > ρd)
0.3
xf
g
1/2
∗
σ0
〈σv〉
T
3/2
d
ξ1/2T
3/2
γ
× 1D (ρSM < ρd)
(9)
where all quantities are evaluated at x = xf and σ0 =
3 × 10−26cm3s−1. D is a dilution factor that accounts
for the entropy which is injected in the SM plasma when
φ decays. D = 1 if φ energy density does not dominate
at the time it decays; otherwise we evaluate D using a
sudden decay approximation [29], D = TEγ /TRH , where
TRH ≈ 0.8 g−1/4∗ Γ1/2φ M1/2P is the temperature that the
SM is reheated to after φ decays [30].
According to Eq. (5), Td/Tγ ∼ erxf/3, which is natu-
rally very large during cannibalism, requiring a boosted
annihilation cross section compared to conventional sce-
narios. Eq. (9) depends on the temperature DM anni-
hilations decouple, xf = mχ/Tf , which in the sudden
freeze-out approximation is,
xf ≈ δ−1 log[h(r)mχMP 〈σv〉] , (10)
where δ = 1 − 23r or 1 − 13r for SM or φ domination,
respectively, and
h(r) ≈
{
0.3 g
1
6∗ ξ−
2
3 r−
5
3 (1− 23r)
7
6 (ρSM > ρd)
0.2 r−
5
4 (1− 12r)
3
4 (ρSM < ρd)
(11)
Eqs. (5), (9), and (10) imply that the final DM abundance
is exponentially sensitive to r, as shown in Fig. 3.
Phenomenology.— Cannibal DM is not presently
testable by direct detection, because the SM and hidden
sector are kinetically decoupled, implying a small cross
section. However, Cannibal DM predicts rich signals in
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FIG. 4. Constraints on the model of Eq. (7), fixing r = mχ/mφ such that Ωχ = ΩDM. In the red region, the DM free
streaming length is inconsistent with measurements of the Lyman-alpha forest: λfs > 0.1 Mpc [34, 35]. Left: We take φ to
decay to photons, φ → γγ, with τφ ≈ H−1f = H−1(Tf ) (to show the full parameter space), and ξ = sSM/sd ≈ 39. DM
annihilations, χχ → φφ → 4γ, are constrained by Planck [28, 36, 37] and Fermi [37, 38]. The displayed bounds correspond
to s-wave annihilations, and are superseded by other limits for p-wave annihilations. Perturbativity constraints are shown:
σ3→2 < (4pi)5/m5φ and σ2→2 < (4pi)
3/m2χ. Above the black dashed line, φ dominates the energy density of the Universe before
decaying, producing entropy in the SM sector and diluting the DM abundance by D > 1. Right: Constraints when φ decays to
dark radiation, as a function of ξ and τφ (or of Tγ when φ decays). The blue shaded region (dashed line) corresponds to the
limit [28] (reach [39]) on enhanced Neff due to dark radiation. Above (below) the black dashed line, cannibalism ends when φ
decays (φφφ→ φφ decouples). In the upper gray region, cannibalism ends before DM annihilations freeze-out.
indirect detection and cosmology, driven by the boosted
DM annihilation rate, the (exponentially large) age of the
Universe at DM freeze-out, and the decay of relic LDPs.
When φ decays, its energy density can modify the num-
ber of relativistic degrees of freedom, which is constrained
by the CMB: Neff = 3.15 ± 0.23 (1σ) [28]. If φ decays
to photons after neutrino decoupling, the photons are
heated relative to the neutrinos, lowering Neff. Alter-
natively, if φ decays to dark radiation the resulting en-
ergy density increases Neff. These constraints are shown
in Fig. 4, fixing r = mχ/mφ at each point such that
Ωχ = ΩDM. In the left panel, we assume φ decays to
photons and ξ = ξ0 ≈ 39, which is the entropy ratio if
the SM and the hidden sector of Eq. (7) were in ther-
mal contact above the weak scale. In the right panel,
we assume that φ decays to dark radiation and we allow
ξ to vary. In this case, the constraint on δNeff excludes
the possibility of φ ever dominating the expansion of the
Universe. In Fig. 4, we also show the projected sensi-
tivity on Neff coming from CMB Stage-IV experiments,
δNeff = 0.03 (2σ) [39]. We have verified that δNeff con-
straints from Big Bang Nucleosynthesis (BBN) [40, 41]
are subdominant to the above constraints.
When φ decays to photons, there are indirect detec-
tion constraints on the process χχ → φφ → 4γ. En-
ergy injection at the recombination epoch can distort the
CMB as measured by Planck [28, 36, 37]. Fermi obser-
vations of dwarf galaxies [38] bound DM annihilations at
the present epoch [37]. These constraints are shown in
the left panel of Fig. 4. The Planck and Fermi limits
are shown for s-wave χχ → φφ annihilations and they
become irrelevant if these annihilation are p-wave [42].
This can be easily achieved in the model of Eq. 7 by
Im y = 0.
An important constraint on Cannibal DM follows
from the exponentially long time it takes DM to freeze-
out. While the average velocity of Cannibal DM at
freeze-out is of the same order as conventional sce-
narios, vf ∼ x−1/2f , the SM is exponentially colder
at freeze-out, Eq. (5). Between kinetic decoupling
and matter-radiation equality, DM free-streaming damps
density perturbations, resulting in a cut-off in the matter
power-spectrum on scales smaller than the free-streaming
length, λfs. This is typically a negligible effect for stan-
dard scenarios with DM mass above a few keV since λfs ∝
T
−3/2
k , with Tk the temperature of kinetic decoupling of
DM (however heavy and warm DM is possible if DM is
produced from late decays of a heavier state [43, 44]). In
Fig. 4, kinetic decoupling occurs after the end of canni-
balism and therefore Tk is exponentially smaller than mχ,
5making free-streaming relevant when mχ  1 keV. The
strongest constraint on the free-streaming length, shown
in Fig. 4, comes from observations of the Lyman-alpha
forest: λfs . 0.1 Mpc (2σ) [34, 35]. In order to evaluate
the bound we use the approximate expression
λfs =
∫ teq
tk
v(t)
a(t)
dt ≈ 125 Mpc vk log(1.3T
eV
k )
T eVk
, (12)
where vk is the average DM velocity at kinetic decou-
pling and T eVk is the relative SM plasma temperature in
eV. Eq. 12 assumes the universe is radiation dominated
between decoupling and equality, which is always true in
our case. The right panel of Fig. 4 shows that the free-
streaming length can be the strongest constraint for a
DM particle of thermal origin and mass of 10 MeV.
Outlook.—In this letter, we have introduced the Canni-
bal DM framework (Fig. 2). DM resides in a cannibalistic
sector and has relic density set by the freeze-out of 2-to-
2 annihilations. Cannibalism has a significant impact on
DM phenomenology (Fig. 4), including a boosted anni-
hilation rate, warm DM, and new relativistic degrees of
freedom.
We conclude by noting that cannibalism has unique
implications for early Universe cosmology that deserve
further study. During cannibalism, the Hubble constant
decreases as an exponential function of the hidden sec-
tor temperature, changing the clock by which all hidden
sector processes are measured. It would be interesting
to exploit this property to explore further implications
of cannibalism, such as new DM production mechanisms
and the possibility that baryogenesis is connected to can-
nibalism.
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